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Hox proteins shape animal structures by eliciting
different developmental programs along the antero-
posterior body axis. A recent study reveals that the
Drosophila Hox protein Deformed directly activates
the cell-death-promoting gene reaper to maintain the
boundaries between distinct head segments.
Hox genes encode homeodomain-containing trans-
criptional regulators that operate differential genetic
programs along the anterior-posterior axis of animal
bodies. Changes in Hox gene activities are believed to
have been crucial for the evolution of animal body
plans [1,2], but exactly how these genes affect animal
form remains largely unknown. Despite the vast litera-
ture on Hox genes, only a few Hox target genes are
known, and most of these have no clear role in the
control of basic cellular processes — cell division, cell
migration, cell death and so on.
Lohmann et al. [3] have now uncovered one clear
example of a basic cellular process regulated by a
Hox gene. They have shown that the Drosophila Hox
gene Deformed (Dfd) directly activates the cell death
promoting gene reaper (rpr), thereby inducing local-
ized cell death. Remarkably, the authors have gone on
to show that this localised cell death is essential to
maintain a morphological boundary between two
structures of the fly embryo’s head: the maxillary and
mandibular head lobes. This is possibly the first clear
demonstration of how Hox proteins actually sculpt
animal bodies.
In a seminal paper over 25 years ago, Garcia-Bellido
[4] proposed that Hox genes would ultimately regulate
a battery of genes directly involved in cellular
processes. Such genes, which he termed ‘realisators’,
are likely to be general cellular operators whose
differential regulation leads to diverse morphological
fates. Unfortunately, we know very little about the link
between Hox genes and realisators, for a variety of
reasons. Firstly, it is not entirely clear whether Hox
genes directly regulate a large number of target genes
— some of which would be realisators sensu stricto —
or whether they regulate complex genetic cascades
that at some point ‘hit’ realisators. This uncertainty
leaves us with the formal possibility that realisators
are not directly regulated by Hox proteins. Secondly,
one implication of being ‘general cellular operators’ is
that realisators are likely to be expressed widely, used
and re-used in different developmental processes.
These attributes make them difficult to identify
through conventional molecular or genetic screens
using Hox genes as bait. A final reason, and one that
has caused a great deal of biochemical frustration, is
that Hox proteins display very low DNA binding speci-
ficity in vitro [5].
In spite of these difficulties, a few approaches have
identified a handful of Hox target genes ([6–10];
reviewed in [11]). Most of the identified Hox targets,
however, are transcriptional regulators or signaling
molecules whose relation to morphogenetic processes
under Hox control is not yet clear. The exception is
given by three target genes — connectin, centrosomin
and β-tubulin — which do seem to be directly involved
in cellular processes [11,12]. But it is still uncertain how
these target genes relate to particular morphogenetic
functions of their Hox regulators.
Programmed cell death, or apoptosis, is a major
driving force in the achievement of animal form [13]. In
vertebrates, for example, apoptosis sculpts digits by
removing cells from the interdigital space [14].
Variation in the extent of apoptosis in interdigital areas
contributes to the diversity in digit morphology seen
among chicken, duck, tortoise and humans [14]. There
have been hints before that Hox genes might modu-
late apoptosis. In the mouse, for example, mutation of
the Hoxa13 gene reduces apoptosis in interdigital
regions [15]. In the nematode Pristionchus pacificus,
the Hox gene lin-39 controls early vulva specification
by inhibiting apoptosis triggered by the Ppa-ced3
gene [16]. And in Drosophila, the Hox gene Antenna-
pedia induces apoptosis when misexpressed in
certain areas of the eye imaginal disc [17]. In none of
these cases, however, are the molecular mechanisms
linking Hox activity to apoptotic effects known. In
breast cancer tissue, the human Hox gene HoxA5 has
been shown to directly regulate the tumor suppressor
gene p53, activation of which leads to apoptosis in
certain physiological environments [18]; but the rele-
vance of this to normal development is not known.
Lohmann et al. [3] have now reported the first
mechanistic evidence on how a Hox gene regulates
apoptosis in a developmental context. In the search
for possible targets of the Drosophila Hox gene Dfd
important for morphogenetic processes, Lohmann et
al. [3] discovered that a deletion mutation eliminating
all four Drosophila apoptotic genes produces an
embryonic phenotype that closely resembles that of a
Dfd null mutant. In both mutants, a ‘groove’ forms
between the maxillary and the mandibulary segments
in the embryo’s head, but this morphological bound-
ary fails to be maintained after a certain point in devel-
opment (Figure 1). 
These observations suggested that apoptosis might
be induced by Dfd and be required for the maintenance
of segment boundaries in the head region. Lohmann et
al. [3] confirmed that, in wild-type embryos, there is
extensive cell death at the boundaries of the maxillary
segment, and that this apoptotic region is virtually
absent in Dfd mutants. The authors then asked whether
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expression of Dfd alone is sufficient to promote apop-
tosis. Artificial ubiquitous expression of Dfd led to an
increase of cell death in certain areas of the embryo —
but not everywhere (see below) — and to ablation of the
adult eye when expressed in the eye imaginal disc.
These results indicate that Dfd is indeed able to induce
apoptosis in several tissues.
Lohmann et al. [3] also showed that, in the eye
system, Dfd induces apoptosis by disabling a bio-
chemical pathway involving the apoptotic inhibitor
protein 1 (DIAP1), as co-expression of Dfd and DIAP1
was found to rescue the eye phenotype caused by
expression of Dfd alone. The absence of perfect
overlap between the domains of ectopic Dfd expres-
sion and induced apoptosis, as well as the mild effect
that Dfd has in adult eyes, suggest that although Dfd
can induce apoptosis, different cellular contexts may
affect the extent of this activation.
If Dfd regulates cell death, loss of Dfd function
should alter the expression of apoptotic genes.
Experiments of this kind showed that Dfd exclusively
activates the apoptotic gene rpr [19]. To test whether
the regulation of rpr by Dfd is direct or indirect,
Lohmann et al. [3] analysed the expression patterns
conferred by various rpr promoter constructs in the
maxillary/mandibular boundary region, where Dfd is
normally expressed. This enabled the authors to define
a region containing several consensus binding sites for
Dfd. They also showed that these binding sites are
required for transcriptional activation by Dfd in vivo,
and for DNA binding by Dfd in vitro. To test further
whether the induction of apoptosis is absolutely nec-
essary for maintenance of the boundary between the
maxillary and mandibular segments, they expressed
the apoptosis inhibitor DIAP1 in the anterior region of
the maxillary segment: in this condition, the boundary
between the maxillary and mandibular segments was
effectively removed. Together, these experiments
provide ample evidence that Dfd induces localised cell
death at the boundary between the maxillary and
mandibular segments through direct activation of the
apoptotic gene rpr (Figure 1).
Lastly, Lohmann et al. [3] investigated whether other
Hox genes also activate localised apoptosis at
segment borders. For this, they studied whether the
posterior Hox gene Abdominal B (Abd-B) [20] induces
cell death at the boundaries between abdominal
segments; they conclude that it does. Again, the effect
seems to be mediated by the activation of rpr, though
this is not as well documented as is the case for Dfd.
Although their study on Abd-B is suggestive, the
authors’ general claim that other Hox genes could also
be involved in the maintenance of segment bound-
aries, requires more extensive studies to be appropri-
ately supported.
In summary, Lohmann et al. [3] have demonstrated
that Dfd directly activates rpr — a well known cell
death promoting gene — and that the resulting
apoptosis maintains the boundaries between two
head segments. This shows that, at least in certain
developmental contexts, a Hox protein is able to
modify the design of an animal by the direct activation
of one single cellular operator. The story also tells us
that, from the constellation of cellular tools available,
Hox genes sometimes carve animal structures with a
single sharp chisel.
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Figure 1. The Hox gene Deformed induces apoptosis in the
head region through the activation of reaper.
(A) Diagram of a Drosophila embryo showing the main regions
of the insect body: head, thorax and abdomen. Anterior is to
the left. (B) In wild-type embryos, Deformed directly activates
the apoptotic gene reaper, leading to localized cell death which
sculpts a ‘groove’ (red arrow) between two head structures: the
mandibular (Mn) and maxillary (Mx) segments. (C) In Deformed
mutants, reaper is not activated; no localized cell death is
induced, resulting in the fusion of the mandibular and maxillary
head segments (red line, Mn–Mx fusion). A similar phenotype is
generated in mutants for reaper.
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